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Introduction
As a reliable and more cost-efficient way to access space, airbreathing hypersonic vehicle (AHV) has been investigated by many researchers in recent decades [1] . This type of vehicle has a unique design, incorporating a supersonic combustion scramjet engine located beneath the fuselage, which enable it quick response and global reach [2] . In practice, the AHV always fly within a wide flight envelope (range of flight conditions). However, for the AHV with fixed geometry inlet(AHV-FGI), once it is running at a low Mach number, the shockwave would deviate away from the scramjet lip. This leads to the scramjet engine could not get sufficient air stream, so that the thrust would be insufficient. In order to solve the above issue, AHV with variable-geometry inlet(AHV-VGI) are popularly studied. For example, NASA investigates a rotary lip VGI for the X-43A hypersonic aircraft [3] . The Space and Astronautical Science institution of Japan developed a variable geometry axisymmetric inlet for the ATREX engine [4] . Besides, the Russian scholar Kuranov investigated the Magneto Hydrodynamic controlled inlet [5] .
In the past decades, lots of efforts have also been put into flight control of AHV. Feedback linearization is a powerful tool to deal with the intrinsic nonlinear system [6] . The robust control of AHV is studied to improves the tracking control performance effectively [7] . To overcome the problem of system uncertainty, fuzzy logic system [8] and neural network [9] are employed due to their powerful ability of approximation for the smooth nonlinearities. Recently, transient performance-based control design [10] [11] has become an important method for the research of uncertain nonlinear systems. Ref. [12] proposed a novel estimation-free prescribed performance non-affine control strategy for AHV to guarantee tracking error is limited to a predefined arbitrarily small residual set. Beside, Various techniques have been applied to hypersonic vehicles to deal with parametric uncertainties or bounded uncertainties and unmodeled system dynamics, such as the sliding model controller [13] [14] and the l 1 adaptive controller [15] , etc.
However, in the context of the aforementioned literatures, AHV-FGI model was adopted for control design. In recent years, investigators have carried on many researches on VGI characteristic of AHV. In Ref. [16] , a new methodology using gas dynamic relations has been developed to obtain optimal geometry of scramjet inlet at different Mach numbers. Ref. [17] compares the properties of three kinds of VGI using the low-order control-oriented model, and designs a kind of inlet used in a wide range of Mach numbers. Ref. [18] designs a 2-D hypersonic VGI with movable lip along the flow direction, carries out three dimensional CFD numerical simulations. Comparison of the aerodynamic characteristics was made between VGI and FGI. Ref. [19] presents a design method of highperformance VGI, and obtains the adjusting rules and performance variation of VGI in various conditions. Although there are many researches on the configurature of AHV-VGI, the control system designs for AHV-VGI are investigated in the initial phase. The main challenge is the complex structure of VGI system which is difficult to control well. A VGI scheme was proposed by [20] . By moving the translating cowl along the flow direction, the internal contraction ratio could be enlarged, and the propulsion efficiency could be improved. This VGI scheme is easy to operate, which only needs to adjust the translating cowl to ensure that the shock wave can project right on the inlet lip. Thus, it provides a feasible idea for us to study the control design for AHV-VGI.
This VGI configuration can extend the velocity range and be favorable to the acceleration control of AHV. However, the movement of translating cowl will induce the uncertain changes of the aerodynamic forces and moment, especially, the thrust will be changed greatly. And these changes are so large that cannot be regarded as small disturbances [21] . Moreover, some unknown disturbances for AHV such as wind gust, uncertain structural dynamics, actuator failure, and sensor faults, bring about great uncertainties to the system performance [22] . In this case, the traditional robust control may be too conservative because it can only achieve a good performance level of disturbance attenuation, not cancel the effect of the disturbance. It is well known that the disturbance observer based control (DOBC) approach has been widely used as an effective robust method to compensate the disturbance and parameter variations from both environment and system [23] [24] . Many effective DOBC schemes have been developed for spacecraft, missiles, and hypersonic vehicles, and the DOBC approach can enhance the disturbance attenuation ability and the robustness of the controllers [25] . Ref. [26] designed a dynamic inversion controller based on disturbance observer for missile systems. A robust control law using DOB and neural networks for the linearized AHV model was adopted in [27] . Ref. [28] presented a robust flight control problem for the longitudinal dynamics of a generic AHV under mismatched disturbances via a nonlinear disturbance observer-based control (NDOBC) method. A robust backstepping approach based on NDOBC was designed for a flexible AHV [29] . Ref. [30] proposed sliding mode disturbance observer to deal with mismatched disturbances in AHV system. Ref. [31] presented a new high-order nonlinear disturbance observer for AHV, which can guarantees the convergence of the estimated error for a nonlinear system with a fast time-varying disturbance For AHV-VGI, there exit stronger aerodynamic uncertainties introduced by VGI with the translating cowl, and the composite disturbances from different sources. And it is hard to compensate for the more general form of both aerodynamic uncertainties and disturbances. FDO is a particular type of disturbance observer, which can be applied for various types of disturbances [32] [33] . Moreover, the FDO method is more effective and low cost of hardware implementation because the FDO method only uses one fuzzy system. Thus, in this paper, a fuzzy disturbance observer (FDO) method is presented to achieve the rejection of multiple disturbances and an dynamic surface control (DSC) based on FDO is developed to improve the tracking performance of the control system. Currently, many flight control schemes based on FDO have been researched for the AHV to improve the control ability [34] . Ref. [35] presented a novel composite controller design method base on backstepping and nonlinear disturbance observer, which can guarantee system outputs asymptotically track the refernce signals. In [36] , novel robust fuzzy DOBC design was developed to achieve the rejection of multiple disturbances, where the DOBC strategy is employed to compensate for the effect of the multiple source disturbances.
In this paper, we investigate the control problem for AHV-VGI. A translating cowl is used to track shock on lip conditions for capturing off-design flow. By allowing the cowl to move with the change of the shock wave position, proper mass flow can be taken into the engine without any flow spillage. However, the movement of the cowl leads to the unknown disturbances of the aerodynamic forces, moment and thrust. These aerodynamic disturbances and the external disturbances may degrade the control performance, and even induce instability of the control system. Sliding mode control (SMC) has been widely studied for many years and extensively employed in industrial applications due to its conceptual simplicity, and in particular powerful ability to reject disturbances and plant uncertainties [37] [38] . Therefore, the SMC method is adopted to design the basic controller, and FDO is used to estimate the unknown factors including the uncertainties and disturbances. The proposed controller possesses several advantages including strong robustness and disturbance rejection ability. etc. This paper is organized as follows. Section 2 states the basic principle of VGI and tranalating cowl, and establishes the mathematical expression of translating cowl and the longitudinal model of AHV-VGI system. Section 3 states the basic principle of adaptive fuzzy disturbance observer. Section 4 designs the tracking controller and proves the uniformly stability of the AHV-VGI control system. Section 5 gives the simulation results in three cases. The conclusion of the paper is drawn in Section 6.
2
Model of AHV-VGI with Translating Cowl
Basic principle of AHV-VGI with translating cowl
As shown in Fig. 1 , the AHV-VGI has a scramjet inlet with translating cowl which can be adjusted forward or backward with the requirements of flight control. When the AHV operates in a relatively high Mach number, the forebody oblique shock would occur [39] [40] . As shown in Fig. 2(a) , The α, τ 1l , h i , L f and θs denote angle of attack (AOA), the lower forebody angle, the height of engine inlet, the forebody length and the shock wave angle respectively. δs = α + τ 1l is the flow turn angle. The blue dotted line corresponds to the oblique shock wave and the red solid lines denote the free stream which hit against the oblique shock wave and then turn parallel to the lower forebody. In this case, the shock wave angle θs is small and the free stream can all captured by inlet, so the translating cowl is not necessary to be adjusted. In this moment, the scramjet can capture all the mass flow as long as the oblique shock wave can be sealed by the scramjet cowl. The capture area D can be calculated as
where τ 1l is 6.2deg. The h i is 3.5ft, L f is 47ft. However, when the AHV operates in a relatively low Mach number, the shock wave angle θs will increase. Hence, as shown in Fig. 2(b) , if the cowl of the scramjet engine is fixed, the shock wave would not be sealed by the cowl. Consequently, that will cause the flow spillage (area D 2 ), and the scramjet engine would not obtain mass flow sufficiently. In this case, if the cowl can be elongated a distance L 1 , the oblique shock wave can be sealed by the cowl again. And the inlet of scramjet will capture all mass flow of area D = D 1 + D 2 , the air mass flow through the engine will obviously larger. The capture area can be calculated as
We focus on the second case and study the influence introduced by translating cowl. The thrust produced by the engine is given by
where ve is the exit flow velocity, v∞ is free stream flow velocity, P 1 is the pressure at the engine inlet entrance, Pe is the pressure at the engine exit plane, P∞ is the free stream pressure, A 1 and Ae are the engine inlet area and exit area, respectively, and ma means the air mass flow through the engine as followṡ
where M∞ and T∞ are free stream Mach and temperature respectively, λ is heat ratio and R is the gas constant for air. Obviously, the thrust of AHV was influenced by the elongation distance. By using the movable translating cowl, we can dramatically adjust the amount of air mass flow captured by inlet. It is helpful to reach a more powerful thrust. Besides, the aerodynamic forces and moments of the nacelle bottom will be influenced and ultimately the pitching moment of AHV will are changed [21] [41] . Fig. 3 is the comparison chart of thrust-drag ratio when the translating cowl used or not. We can see that the translating cowl has a great influence on the thrust-drag ratio. The translating cowl improves the maximum thrust-drag ratio from 1.035 to 1.207. When T /D = 1, AHV reaches its limiting speed. The faster AHV flies, the easier the limiting speed reaches. And the AHV will remain limiting speed until lacking of thrust and beginning to deceleration. The AHV driven by scramjet can achieve powered flight throughout the cruise segment, thereby increasing its response performance when the flight trajectory needs to be changed. Assumption 1. The translating cowl can be infinitely fast adjusted to the optimal elongation distance with the flight state of AHV (the setting time is approximated to zero).
In Fig. 2 , we can obtain the following geometrical expression of elongation distance L 1
Thus, L 1 is a function of shock wave angle θs and angle of attack (AOA) α. Shock wave angle θs = θs(M a, α) can be found as the middle root of the following shock angle polynomial:
where the expressions of b, c and d were defined in the [42] . In this paper, the estimated value of the elongation distance is presented by curve fitted approximation [43] . The expression of fitting elongation distancel is shown in (7) . The detailed parameters value can be found in the Table 1 .
Fig . 4 shows the fitting error is very small. This error is within the allowable range from the perspective of control design. And we 
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can see, the translating cowl moves back with the increase of velocity. When the velocity increases to a certain extent, the translating cowl moves back completely, and the variable geometry inlet will no longer work. 
The longitudinal model of AHV-VGI
The dynamic model adopted in this paper is on the basis of Bolender and Doman for the longitudinal rigid model of AHV [20] . The longitudinal dynamics of the AHV-VGI can be described by a set of differential equations for velocity V , altitude h, fligh path angle (FPA) γ, AOA α, and pitching rate Q aṡ
where m, Iyy, g are the mass, moment of inertia, and acceleration of gravity respectively. d i (i = V, γ, α, Q) denote the unknown external disturbances. L, D, T , M are lift, drag, thrust, and pitching moment, respectively. The influence of the translating cowl of the AHV-VGI model, which causes change of aerodynamic forces, needs to be considered. We use the curve fitting method to refit the aerodynamic forces as follows
where, C L , C D , C M and C T are the aerodynamic lift coefficients, drag coefficients, pitching moment coefficients and thrust coefficients respectively,q = 1/2ρV 2 denotes the dynamic pressure, ρ, S,c, z T are air density, reference area, aerodynamic chord, and thrust moment arm respectively. Particularly, the additional terms C L ,C D ,C T andC M express the influences caused by translating cowl, which is fitted as functions of Mach number M a and angle of attack (AOA) α according to equation (7) . The expressions of aerodynamic coefficients are shown in follows. The detailed parameters value can be found in the Table 2 .
2.3 The strict feedback form
The longitudinal model of VGI-AHV can be rewritten as a nonlinear feedback form asV
where
T and inputs uc = [φ, δe]
T are assumed to be available for measurement. In this paper, the nonlinear parts introduced by movable cowl, the parameter uncertainties introduced by coefficients fitting errors and the unknown external disturbances are combined and treated as lumped disturbances Ω i , i = V, γ, α, Q as
Q are the uncertainties introduced by movable cowl, and ∆ denotes the perturbation of aerodynamic coefficients.
Fuzzy Disturbance Observer
Fuzzy logic system (FLS)
The basic configuratuion of a FLS consists of the fuzzifier, the fuzzy inference engine working on fuzzy rules and the defuzzifier. The fuzzy inference engine employs fuzzy rules to perform a mapping from an input linguistic vector x = [x 1 , · · · , xn] T ∈ R n to an output linguistic variable y ∈ R. A fuzzy system is a collection of fuzzy IF-THEN rules of the form
where A j 1 , · · · , A j n are fuzzy sets, and B j is the fuzzy singleton for the output in the jth fuzzy rule. Then the resulting FLS can be represented as
where µ A j i (x i ) is fuzzy member function, and h j is the point in R, m is the number of rules. By introducing the concept of fuzzy basis function vector ϕ(x), (22) can be rewritten as
T and ϕ j (x) are the fuzzy basis functions, which can be defined as
Fuzzy disturbance observer
In this subsection, the fuzzy distrubance observer is presented. Consider the following nonlinear systeṁ
where x is the state which is assumed to be available for measurement; f (x) and g(x) are system functions; u is the control input; Ω(x, u) is the lumped disturbance including uncertainties and external disturbance. For system (25) , the adaptive FDO is designed as followṡ
where z is an observer internal state,Ω(x, u λ ) is the estimation of Ω(x, u). Define the disturbance observation error ζ = x − z. To constructΩ(x, u λ ), which is guaranteed to monitor an unknown Ω(x, u), we design adaptative law to tune the parameter vectorλ. Firstly, the dynamics of the disturbance observer errors can be given byζ
Following the Assumption 4 and the universal approximation capability of the fuzzy system, the unknown disturbances Ω(x, u) can be described as follows
where λ * denotes the optimal value of the adjustable parameter vector, ε denotes approximation error of fuzzy system.Ω(x, u |λ * ) and Ω(x, u λ ) can be expressed bŷ
By substituting (28) , (29) into (27) , the dynamics of the disturbance observer error becomė
whereλ = λ * −λ is parameter estimation error, and ϕ is the fuzzy basis function. Assume the upper bound of ε isε. Now we present adaptive update law forλ of the estimatorΩ(x, u λ ).
Theorem 1. If the adjustable parameter vector of FDO is tuned bẏ
where µ 1 and µ 2 are positive constants, then the disturbance observer error ζ is uniformly ultimately bounded within an arbitrarily small region.
Proof: Consider the following Lyapunov function candidate
Differentiating (32) and substituting (30) into derivative of (32) yieldV
Substituting (31) into (33), we havė
Considering the following inequalities
Then, we can obtain the following inequalitẏ
Under the assumption that λ * are bounded, we can choose the suitable parameters σ and µ 2 to guaranteeV F is negative. Thus, the disturbance observation error is uniformly ultimately bounded.
4
Control System Design
Control system structure
The overall control system of AHV with variable geometry inlet can be seen in 
Design the FDO of velocity subsystem aṡ
where z V is the observer internal state; σ V is a positive design parameter;Ω V =λ
Chose the reaching law asṠ
. Then, the control signal FER φ can be determined as
where σs is a very small positive constant; k V 1 and k V 2 are positive constants. Remark 1. The continuous function S V /(|S V | + σs) is sliding mode switch item, which can ensure the control law is smooth and derivable.
The adaptive law of estimated parameterλ V can be giveṅ
where µ V 1 and µ V 2 are positive design parameters; ζ V = V − z V is disturbance observation error of FDO.
Altitude controller design:
Eq. (16) shows that the altitude h and FPA γ have a one to one relationship. So we transform the altitude instruction h d into FPA instruction γ d , and k h is a positive design constant.
Different from the traditional backstepping design method, the DSC method introduce the low pass filter to avoid the "explosion of terms" problem exist in backstepping method. The design procedure is shown as follows.
Step 1: Define the sliding mode surface of FPA Sγ = γ − γ d . The time derivative of Sγ iṡ
Design the FDO of FPA subsystem aṡ zγ = −σγ zγ + σγ γ + fγ + gγ α +Ωγ (43) where zγ is the observer internal state; σγ is a positive design parameter;Ωγ =λ
Chose the reaching law asṠγ = −k γ1 Sγ − k γ2 Sγ /(|Sγ | + σs). Define the virtual control input as follows
where k γ1 and k γ2 are positive design constants. The adaptive law of estimated parameterλγ isλ
where µ γ1 and µ γ2 are positive design parameters; ζγ = γ − zγ is disturbance observation error of FDO. Introduce a new variable α d and letᾱ d pass through a first-order filter with time constant τα to obtain α d andα d as
Step 2: Define the sliding mode surface of AOA: Sα = α − α d . Differentiating Sα and substituting (18) into derivative of Sα yielḋ
Design the FDO of AOA subsystem aṡ
where zα is the observer internal state; σα is a positive design parameter;Ωα =λ
Chose the reaching law asṠα = −k α1 Sα − k α2 Sα/(|Sα| + σs). Define the virtual control input as follows
where k α1 and k α2 are positive design constants. The adaptive law of estimated parameterλα iṡ
where µ α1 and µ α2 are positive design parameters; ζα = α − zα is disturbance observation error of FDO. We introduce a new variable Q d and letQ d pass through a first-order filter with time constant τ Q to obtain Q d andQ d as
Step 3: Define the sliding mode surface of pitch angle rate:
Design the FDO of pitch angle rate subsystem aṡ
where z Q is the observer internal state; σ Q is a positive design parameter;Ω Q =λ
Chose the reaching law asṠ Q = −k Q1 S Q − k Q2 S Q /( S Q + σs). Then, the control signal δe is designed as
where k Q1 and k Q2 are positive design constants. The adaptive law of estimated parameterλ Q iṡ
where µ Q1 and µ Q2 are positive design parameters; ζ Q = Q − z Q is disturbance observation error of FDO.
Stability Analysis
Theorem 2. Consider the AHV colsed-loop system that includes the AHV-VGI with the control inputs (39) and (54), the virtual controls (41), (44) and (49), the command filters (46) and (51), and the FDO system (38) , (43), (48) and (53). Then, the AHV-VGI control system is uniformly stable.
Proof: Define the estimation errorsλ i = λ * i −λ i , i = V, γ, α, Q and filter errors yα
and δe intoṠ V ,Ṡγ ,Ṡα andṠ Q respectively, we havė
where ε i , i = V, γ, α, Q denote approximation errors of fuzzy system, assume the upper bounds of ε i isε i . Besideṡ
where We consider the following Lyapunov function candidate
Differentiating W V and referring to the Eq (33) − (36) yielḋ
Noticing that
Subsituting (40) and (67) into (66), we havė
The time derivative of Wγ along the system trajectories iṡ
Using Young's inequality ab ≤ a 2 /2 + b 2 /2, we have
where ω is a positive constant. And we can find a set of constants (ω, ω 0 ) satisfied
we can obtaiṅ
Similarly, we can obtain the following inequalitẏ
where υ and υ 0 are positive constants and satisfied
anḋ
Then, from (64), (68), (73), (74) and (76), we can obtaiṅ
where 0 < r < min{r V , rγ , rα, r Q },
≤ p for all t > 0. Therefore, the errors S i , ζ i , λ i , yα, y Q are semi-globally uniformly bouned in the following compact set
That means the compact set Υ can be kept arbitarily small by adjusting the design parameters. So, using the designed control law, the AHV-VGI control system is stable. 
Simulation Results
In this section, simulation results are provided to demonstrate the effectiveness of the proposed control scheme and illustrate the superiority of VGI with translating cowl. The initial state at V (0) = 7.0M ach, h(0) = 75000f t, γ(0) = 0deg, α(0) = 0deg
and Q(0) = 0deg/s. Considering the following constraints:
The parameters of control system are shown in Table 3 . In all cases, a nonlinear filter is used to generate the differentiable commands as follows
where ω n1 = 0.1, ω n2 = 0.3, ξ 1 = 30. To illustrate the effectiveness and superiority of SMC with FDO method, both the disturbance rejection performance and robustness are consider. In addition, the baseline control (BC) without FDO is employed for performace comparsion analysis. To have a fair comparsion, first the control inputs of the two control schemes are adjusted to the same range of variation, second, the parameters of each control algorithm are regulated such that all the two systems achieve relatively good performance. In this case, the velocity command varies from 7Mach to 7.3Mach and the altitude command varies from 75000ft to 75500ft.
The external disturbances are taken as d V = 2f t/s at 120 < t ≤ 150s, d V = 2 cos(0.2t)f t/s at 170 < t ≤ 250s and dγ = 0.01deg, dα = 0.02deg, d Q = 0.2deg/s at 120 < t ≤ 150s, dγ = 0.01 sin(0.2t)deg, dα = 0.02 sin(0.2t)deg, d Q = 0.2 sin(0.3t)deg/s at 170 < t ≤ 250s for AHV-VGI system. And the perturbation of aerodynamc coefficients are assumed as −5% (i.e., ∆ = −0.05) of their normal values. The simulation results are shown in Fig. 6 and Fig. 7 . 6 shows the curves of AHV-VGI system outputs under two controllers. The SMC with FDO method and BC without FDO method have different curves during the first 120s because of the existence of uncertainties introduced by translating cowl and fitting parameters, and the tracking errors of SMC with FDO method are smaller than the BC without FDO method. When the external disturbances act, the SMC with FDO method obtains better robustness performance and lumped disturbances rejection properties, while the BC without FDO method results in undesirable control performance. Fig. 7 shows the curves of the lumped disturbances Ω V , Ωγ , Ωα, and Ω Q and their estimated values obtained by FDO, which demonstrated that the FDO can estimate the lumped disturbances effective and had a fast convergence speed.
Case 2. In this case, the velocity command varies from 7Mach to 9.2Mach and the altitude command varies from 75000ft to 75500ft. In this case, we do not take into account external disturbances, that is d i = 0, i = V, γ, α, Q. We notice that this velocity command changes quickly and has a larger variation range. We compare the response results of AHV-VGI and AHV-FGI systems under this situation. In the fast acceleration process, the FER φ is large in order to provide the required thrust. However, considering φ ∈ [0, 1], the FER of the AHV-FGI will reach its saturated state during the time of 10-40s (shown in Fig. 8(b) ), which causes the velocity tracking error increased suddenly (shown in Fig. 8(a) ) and the response curve of the thrust is distorted (shown in Fig. 8(c) ). However, the AHV-VGI control system can provide the required thrust by adjusting the movable cowl, and in a smaller FER value, which greatly reduces the possibility of the FER saturation.
The elongation length is shown in Fig. 8(d) . It is gradually decreased from 9.5836 to 2.593. With the increasing of the velocity, the shock wave angle decreases, and the oblique shock wave generated by AHV frontbody is assembled to the body, so the movable cowl moves back. 
Conclusion
In this paper, we established the longitudinal model of AHV-VGI, and the lumped disturbances include the parameter uncertainties, the uncertainties introduced by translating cowl and the external disturbance are considered. We presented a DSC based on FDO control scheme for the AHV-VGI with translating cowl. The simulation results shows the effectiveness of this control scheme and illustrates the superiority of VGI with translating cowl. The work assumed the translating cowl can be adjusted infinitely fast. But in fact, the cowl need a setting time. Therefore, how to realize the coordination control of flight and cowl can be the focus of future work.
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